In the United States, research programs on the toxicology of chemical mixtures have existed for several decades. These programs vary from real-life case studies (e.g., on contaminated soil or lakes, recycled drinking water, dioxins, diesel exhaust, coal tars, and chemicals released from hazardous waste sites) to the development of methods for the safety evaluation and risk assessment of both simple and complex mixtures such as new approaches for identification of genotoxic components in complex mixtures and the weight-of-evidence (WOE) approach, using interaction data in component-based risk assessment of mixtures (1-5). Moreover, in the United States, programs on more basic issues in mixture toxicology include physiologically based pharmacokinetic/pharmacodynamic (PBPK/PD) modeling of mixtures (6-8), the use of physicochemical concepts to mechanistic elucidation of toxicologic interactions (9), the development of statistical designs for experimental studies of mixtures (10-13),
In the United States, research programs on the toxicology of chemical mixtures have existed for several decades. These programs vary from real-life case studies (e.g., on contaminated soil or lakes, recycled drinking water, dioxins, diesel exhaust, coal tars, and chemicals released from hazardous waste sites) to the development of methods for the safety evaluation and risk assessment of both simple and complex mixtures such as new approaches for identification of genotoxic components in complex mixtures and the weight-of-evidence (WOE) approach, using interaction data in component-based risk assessment of mixtures (1) (2) (3) (4) (5) . Moreover, in the United States, programs on more basic issues in mixture toxicology include physiologically based pharmacokinetic/pharmacodynamic (PBPK/PD) modeling of mixtures (6) (7) (8) , the use of physicochemical concepts to mechanistic elucidation of toxicologic interactions (9) , the development of statistical designs for experimental studies of mixtures (10) (11) (12) (13) , and mathematical modeling of the processes involved in the carcinogenicity of mixtures of carcinogens (14) . More than 10 years ago the U.S. Environmental Protection Agency (U.S. EPA) published Guidelines for the Health Risk Assessment of Chemical Mixtures (15) , followed in 1990 by the Technical Support Document on Health Risk Assessment of Chemical Mixtures (16) .
Outside the United States in the past, the toxicology of mixtures did not receive a great deal of attention or research efforts on mixtures were not (or were insufficiently) recognized as such. However, during the last 5 to 10 years toxicologists from academia, research institutes, and industry, as well as regulators, gradually paid more and more attention to the development of research programs on toxicology and risk assessment of chemical mixtures, recognizing that simultaneous or sequential exposure to large numbers of chemicals is a reality of potential health concern (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) .
This paper provides a survey of major activities in Europe and Japan concerning human health issues related to chemical mixtures, using literature data and information obtained through personal inquiries. Categories of activities were identified and will be discussed individually. Obviously, possible programs or plans unknown to us could not be covered in this review.
Terminology and Concepts in Mixture Toxicology
Despite several attempts to provide a unified terminology for mixture toxicology (35, 36) , a common consistent language for this complex and challenging area of toxicology is still lacking (4) . Recently, it was reemphasized that in publications on mixtures one should clearly define each term and concept used (37) (38) (39) . More importantly, it has been strongly suggested that an international panel should be formed, including representatives from the U.S. EPA, the World Health Organization (WHO), and the European Community, to seek consensus on terminology (39 (40) . Hopefully this study group will proceed energetically and successfully, because consensus on terminology is a prerequisite for the successful application of the framework for describing important elements of mixtures and mixture-related research as proposed by Sexton et al. (41) and for the use of the decision tree for the safety evaluation of complex mixtures as presented by Feron et (12, (43) (44) (45) (46) . It was observed that one of the advantages of these experimental designs is that the costs and the number of animals used can be greatly reduced while possible combined or interactive effects can still be detected. Moreover, it was felt that in mixture research, PBPK models may be helpful in studying possible interactions between chemicals of particular interest, recognizing that emphasis has to be put on low-dose modeling and experimental validation (38, 39, 47 study allowed the conclusion that sensory irritation in rats exposed to mixtures of irritant aldehydes is more pronounced than that caused by each of the aldehydes separately, and that the DBF as a result of exposure to a mixture could be predicted by a model for competitive agonism, thus providing evidence that the combined effect of these aldehydes is basically a result of competition for a common receptor (the trigeminal nerve).
Effect-Surfae Designs
The structural similarities of formaldehyde, acrolein, and crotonaldehyde indicate similar joint action of mixtures of these chemicals with respect to toxicity to the nasal epithelium. Cassee et al. (50) (51) (52) used an in vitro system (rat and human nasal epithelium cells) and a well-defined parameter for cytotoxicity (neutral red uptake) to study the combined toxicity of these aldehydes. For Using effect-surface analysis, two-factor interactions were detected, although their contribution to the total effect of the mixtures was less than 10% and generally indicated less than additivity. Three-factor interactions were not statistically significant. Overall, mixtures of the three aldehydes did not induce marked synergistic cytotoxicity, and compared to the isobole method, effect-surface analysis proved a more rapid method to evaluate the effects of mixtures at doses ranging from no-to distinct-effect levels.
To more easily recognize the additivity surface in response-surface analysis, Siihnel (46) proposed visualization of the dose-response surfaces under the assumption of additivity as a zero-interaction response surface. Factorial Designs The difficulty of studying chemical mixtures arises when one has to examine possible interactive effects of more than three compounds in a mixture. For the accurate analysis of interactive effects between chemicals in a defined mixture, statistical designs must be used to get clear and manageable experiments. Particularly useful in this respect are factorial designs; they enhance the efficiency of research because they enable economy of experimentation through the use of fractional factorial designs. Such fractionated factorial designs have been used to detect interactive effects between trace elements and the cadmium accumulation in the body (53) and to determine structure-activity relationships for halogenated aliphatic hydrocarbons (54) .
Another aspect of factorial designs that deserves attention is the fact that the results are often of high precision because for every end point chosen, all data of the experiment are used to calculate a particular effect. For instance, in a recent study by Groten et al. (55) , a two-level factorial design was used to describe interactive effects between nine compounds in a 4-week subacute toxicity Environmental Health Perspectives * Vol 106, Supplement 6 * December 1998 study in rats. Instead of the usual comparison of e.g., five animals in the test group to five animals in the control group, the effects in this study were calculated as the difference in results between two means of 40 animals each. Therefore, main effects seen in the preliminary studies based on individual dose-response curves appeared more pronounced and more easily detectable in the factorial study.
Once the potential interactions have been detected using a fractionated design, a more accurate analysis can be performed for the particular binary mixtures to ensure and characterize the observed interactions. This stepwise approach has been successfully applied to detect mixtures of mycotoxins in contaminated food samples using the in vitro DNA synthesis inhibition bioassay in L929 fibroblasts (56, 57) . Interactions between five mycotoxin species were investigated. First, a central composite design was applied to detect possible interactive effects between mycotoxins in the mixtures (27 combinations from 55 possible combinations). Second, two-factor interactions of particular interest were further analyzed by means of a full factorial (5 x 5) design to characterize the nature of these interactions more precisely. It appeared that combined exposure to several classes of mycotoxins generally results in effect addition, with a few minor exceptions that indicate synergistic interactions. In general, the nature of the interactions characterized in the full factorial design were similar to those observed in the central composite design; however, the magnitude of interaction was relatively small in the full factorial design.
Strategies for Safety Evaluation of Mixtures General
For the development of a successful strategy for safety evaluation of chemical mixtures, it is essential to comprehend the basic concepts of combined toxicologic action and interaction of chemicals (35, 58) , to distinguish between whole mixture analysis (top-down approach) and component interaction analysis (bottom-up approach) (59) , and to make a clear distinction between simple and complex chemical mixtures (42, (60) (61) (62) 
Fraciionation and Recombination of Mixtures plus Mixture Design
Recently, a new strategy for the evaluation of complex mixtures was presented (45, 74) . The new approach is based on fractionation and recombination of the mixture in combination with the use of a mixture design. The mixture studied was the organic extract of diesel exhaust particles to be examined for possible mutagenic activity. The crude extract was fractionated according to polarity into five fractions. After dissolving in dimethylsulfoxide, the three fractions containing the primary mutagens were recombined in different combinations to create new extracts. The composition of these new extracts was determined by means of a mixture design at three dose levels to support an empirical model with linear, interaction, and quadratic terms in a Taylor polynome. The recombined extracts were tested in the Ames assay using Salmonella typhimurium strain TA 100 Therefore, although the likelihood of sensory effects will increase with increasing TVOC concentrations, at present no precise guidance can be given on which levels of TVOCs are of concern from a health and comfort point of view, and the magnitude of protection margins cannot be estimated. On the other hand, the general need for improved source control to diminish the pollution load on indoor environments from health, comfort, energy efficiency, and sustainability points of view leads to the recommendation that VOC levels in indoor air should be kept as low as reasonably achievable (81 (93) , neurobehavioral studies among paint formulators exposed to low levels of mixtures of solvents (94), studies on peripheral nerve impairment among workers exposed to mixtures of hexane and toluene (95) , and toxicokinetic studies in humans exposed to n-hexane and methyl ethyl ketone (96 
